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We study, in the absence of a magnetic ﬁeld, the stability of skyrmions in a disk-shaped ferromagnetic multilayer in the presence of locally pinned spins at the edge. This particular boundary condition
suppresses the formation of helical states yet enhances the stabilization of states with rotational symmetry, such as Néel skyrmions. Numerical simulation shows that the size of the disk is a viable parameter
to control the creation and annihilation of skyrmionic states. We also ﬁnd that the demagnetization
ﬁeld renormalizes the Dzyaloshinskii-Moriya interaction. This study opens an alternative avenue to the
generation, stabilization, and control of magnetic skyrmions in ﬁeld-free heterostructures.
DOI: 10.1103/PhysRevApplied.13.034046

I. INTRODUCTION
Spin-orbit interaction [1,2], by coupling electron spin to
its orbital angular momentum, drives a variety of phenomena including the spin Hall eﬀect, chiral magnonics and,
more recently, Majorana fermions in condensed-matter
systems [3–6]. In a noncentrosymmetric crystal [7–9], such
as B20 magnets or a system lacking inversion symmetry,
such as heavy metal and/or ferromagnetic heterostructures, bulk or interfacial spin-orbit coupling induces a
chiral antisymmetric exchange interaction. This is the
Dzyaloshinskii-Moriya interaction (DMI) [10,11]. Given
two spins Si and Sj on neighboring sites i and j , the DMI
can be expressed as
HDMI = −



Dij · (Si × Sj ).

(1)

ij

Parameter Dij is perpendicular to the vector connecting
two neighboring magnetic moments and its magnitude
characterizes the interaction strength. In a chiral magnet,
the DMI lowers the system energy by forming magnetic
skyrmions, a swirling spin texture at the nanoscale. This
particlelike topological excitation, together with its unique
*
†
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real-space characteristics, have attracted much attention
[12–21].
Stabilization of skyrmions in the host material is instrumental to spintronic applications [22–24]. In a recent
experiment [25], a combination of the DMI and exchange
interaction gives rise to a periodic spin helical state in
helimagnets. This state is further tailored into individual
skyrmionic states by using, for instance, external magnetic
ﬁelds [15–18], electric ﬁelds [19], or geometric conﬁnement [13,20,21]. In the presence of a magnetic ﬁeld, geometric structures such as the nanodisk can accommodate
stable skyrmionic states [8,9,26]. This, from the energy
point of view, is an outcome of two competing eﬀects.
On the one hand, the local energy density decays from
the center of the nanodisk toward the edge [27]. At the
edge, the tilted spins hold the same or opposite chirality
as the skyrmion, creating a barrier that limits the radius
of the skyrmion [26]. On the other hand, the magnetostatic energy favors a swirling spin structure; hence the
total energy is lowered. A recent report has shown that in
Fe-Ge, a skyrmionic state can survive in the absence of
a magnetic ﬁeld [28]. In this experiment, in addition to a
skyrmionic state, the spin texture consists of a ring-shaped
vortex and a ferromagnetic strip. The vortex stems from
the DMI acting at the edge and is independent of the magnetic ﬁeld [29]. Yet the ferromagnetic strip is driven by the
ferromagnetic order at low temperature [30].
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In this paper, we explore the viability of stabilizing
skyrmionic states in the absence of external ﬁelds. We
show that, by imposing locally pinned spins at the edge,
small-size skyrmionic states can be nucleated in a thin-ﬁlm
nanodisk. In such a constrained system with this particular boundary condition, we may generate stable magnetic
skyrmions and other rich spin textures in a broad range of
geometric sizes and DMI magnitudes.
II. THEORETICAL MODEL
A chiral spin spiral due to the DMI may exist at an
interface between two ferromagnetic regions with opposite magnetizations [31–34]. The exchange and the DMI
are not the only interactions that determine the spin texture; the geometry of the boundary matters too. In a ﬁnite
system with a strong DMI, the spins may rotate up to 2π
across two antiparallel ferromagnetic regions [35]. From
the symmetry point of view, the skyrmion can be viewed as
a 2π -phase domain wall with a π rotation around its midpoint in the plane. In this picture, if the DMI is suﬃciently
large and the preferred axis of the spin helix is constrained
by the spins at the edge, we expect the spin spiral to be
driven into an ordered skyrmionic state with a spin rotation
of 2π , even without an antiparallel ferromagnetic region.
Consider the model system sketched in Figs. 1(b) and
1(c). It consists of an ultrathin nanodisk (gray) deposited
on top of a ferromagnet (blue). We may choose, for example, Co/Pt or CoFeB/Ta to integrate both the DMI and
exchange couplings. Furthermore, a pinning layer (black)
is deposited around the nanodisk, as shown in Fig. 1(b).
The ring-shaped pinning layer may be realized by the

deposition of heavy metals (such as Hf), metallic oxides
(such as MgO or Al2 O3 ) [33], or permanent magnetic
nanoparticles [36–38]. We assume an ideal situation in
which the magnetization of the bottom ferromagnet is
coerced in a speciﬁc direction. In this case, we introduce,
within the ferromagnet, locally pinned spins that interact
with the free spins in the central region and play the role
of a spin boundary condition. Possible skyrmion nucleation may take place in the central region that is directly
underneath the metal.
III. MICROMAGNETIC SIMULATION
We conduct a comparative study on two setups to
ascertain the role of the pinned spins in stabilizing the
skyrmions. The ﬁrst setup is a nanodisk without the ringshaped pinning layer, which is often referred to throughout
the rest of paper as a free boundary or free spins. The second setup is with the pinning layer and is referred to as a
fixed boundary or pinned spins.
Within the micromagnetism framework, the magnetization dynamics of the ith magnetic unit cell M(i) are
governed by the Landau-Lifshitz-Gilbert (LLG) equation
dM(i)
α (i) dM(i)
M ×
= −γ M(i) × H(i)
,
eﬀ +
dt
Ms
dt

(2)

where γ is the gyromagnetic ratio, α is the Gilbert damping
constant, and Ms is the saturation magnetization. In Eq. (2),
the eﬀective ﬁeld of the ith unit cell can be derived from
(i)
H(i)
eﬀ = −∂ E /(μ0 ∂M ), where μ0 is the permeability of
free space and E is the magnetic energy density that incorporates exchange, anisotropy, magnetostatic energy, and
the DMI. In our model, the eﬀective ﬁeld is

(a)

2Aex 2 (i)
2Ku
∇ M +
[M(i) · ẑ]ẑ
2
μ0 Ms
μ0 Ms2


 
2D
∂Mz(i)
∂Mz(i)
∂Mx(i) ∂My(i)
+
x̂ +
ŷ −
+
ẑ
μ0 Ms2
∂x
∂y
∂x
∂y

+
Kij M(j ) .

H(i)
eﬀ =

(b)

(c)

j

(3)

FIG. 1. (a) A schematic view of the magnetization vector of
a domain wall between two ferromagnetic media with opposite
magnetizations. (b) Top and (c) side views of a nanodisk that
is an ultrathin bilayer ﬁlm. A pinning layer (area II, in black)
is deposited on a ferromagnetic ﬁlm (blue) to wrap around the
metal ﬁlm (area I, in gray).

Here, Aex denotes the exchange stiﬀness [39], Ku is the
uniaxial anisotropy constant, x̂, ŷ, ẑ are the unit directional
vectors, Kij is the demagnetizing tensor [40–42], and
D quantiﬁes the strength of the DMI [43]. Even though one
would expect the distribution of the DMI to be inhomogeneous along the radial direction due to material variation,
we assume that the pinning eﬀect at the edge is so strong
that the DMI in this region can be neglected. We also
neglect the dipole-dipole interaction since it becomes local
in the limit of zero thickness [44]. The micromagnetic simulations are performed using the MuMax3 package [40].
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(a)

(b)

FIG. 2. The proﬁle of the z component of the magnetization of the ﬁnal states from various initial states (the vertical axis) and for
diﬀerent DMI strengths D in units of mJ m−2 (the horizontal axis). The four diﬀerent initial states include random (R), ferromagnetic
(F), helix (H), and Néel (N). The results for (a) a disk without pinned spins and (b) a disk with pinned spins.

The size of the unit cell is 1 nm × 1 nm× 1 nm, which
is smaller than the exchange length lex = 2Aex /μ0 Ms2 ∼
4.17 nm. In our simulations, unless otherwise speciﬁed,
we use the following parameters: Aex = 10 pJ m−1 , Ms =
9.56 × 105 A m−1 , and Ku = 0.4 MJ m−3 [32]. The diameter of the nanodisk is set to 50 nm and the width of the
pinning layer is 10 nm. Moreover, the spin direction in the
pinned region is chosen to be the positive z direction.
In our system, the DMI originates from spin-orbit coupling at the interface between the metal and the ferromagnet and the vector Dij lies in the plane of the interface. For
an individual skyrmion in an ultrathin nanodisk of thickness d and radius R, we may estimate the DMI energy by
2π 2 DRd. When a skyrmionic state is present, the demagnetization energy can be estimated by −2π μ0 Ms2 WRd, for
a given skyrmion wall width W = π d/4Ku [45]. It turns
out that these two energy contributions are of the same
order of magnitude, i.e., approximately 10−18 J.
To ensure that the ﬁnal state has the lowest energy, we
consider four initial magnetization conﬁgurations, namely,

ferromagnetic (F), helical (H), random orientation (R), and
Néel skyrmion (N). At zero temperature, the initial state
evolves according to the LLG equation. We note that the
relaxation time—the time the system takes to evolve from
an initial state to a ﬁnal one—is dependent on the choice
of the initial state. For example, for a ferromagnetic initial state with D = 4.0 mJ m−2 , the relaxation time is
around 1000 ns, which is roughly 10 times longer than the
relaxation times of the other initial states.
IV. NUMERICAL RESULTS
The main results of this paper are summarized in Fig. 2,
which shows the z component of the magnetization of the
ﬁnal states as a function of the DMI strength for diﬀerent initial spin conﬁgurations. Figure 2(a) is for the free
boundary condition and Fig. 2(b) is for the fixed boundary
condition. This result shows that, with a weak DMI and
the free-spins boundary condition, the ﬁnal state depends
largely on the particular choice of the initial state. We
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attribute this to a possible large energy barrier between
diﬀerent ﬁnal states or local minima that may exist in
the energy spectrum. In the case of free spins, for D ≤
2.8 mJ m−2 , all ﬁnal states are degenerate in energy and
spin conﬁguration (taking into account the in-plane symmetry of the disk), irrespective of the initial state [see also
Fig. 3(a)]. For D > 2.8 mJ m−2 , the initial states evolve
into diﬀerent ﬁnal states. With a strong DMI, a multidomain state with a Y-shaped strip emerges. We use a green
triangle to label, under the same D, the ﬁnal state that,
relative to the others, has the highest energy.
In the case of pinned spins, shown in Fig. 2(b), the
picture is reversed. For a suﬃciently strong DMI (D ≥
2.4 mJ m−2 ), the system evolves into a skyrmionic state
regardless of the initial state [see also Fig. 3(b)]. Yet
with a weak DMI (D < 2.0 mJ m−2 ), as Fig. 3(b) shows,
diﬀerent initial states evolve into diﬀerent ﬁnal states.
We attribute this to the discontinuity in the anisotropy
energy distribution imposed by the ﬁxed-spins boundary
condition.
A. Stabilization of skyrmions
To understand how the pinned spins at the edge of
the nanodisk helps stabilize skyrmions, we calculate the
(a)

(b)

FIG. 3. The total energy and the corresponding z component
of the magnetization of the ﬁnal states as a function of the DMI
strength for diﬀerent initial states. For a disk with a diameter of
50 nm, (a) free spins at the edge and (b) pinned spins at the edges
with a diameter of 20 nm.

energy of diﬀerent ﬁnal states as a function of D with
and without the pinning layer. The results are summarized in Fig. 3, in which we only show the magnetization
conﬁgurations of the ﬁnal states with the lowest energy.
We show in Fig. 3(a) the total energy as a function of
D in the case of free spins. As anticipated, the total energy
decreases with D. For D < 1.2 mJ m−2 , the ferromagnetic
state has the lowest energy. This agrees with earlier report
[46]. As D increases, a multidomain or helical state with
a period that is proportional to Aex /D becomes more stable. Even at a strong DMI, the multidomain or helical state
is energetically more favorable than the skyrmionic state,
due to the absence of curvature energy [26]. In this case, an
instantaneous skyrmionic state can be created by relaxing
a skyrmionic initial state with polarity p = −1 for about
10 ns. This is illustrated in Fig. 4(a), which shows the spatial proﬁle of mz along the diameter of the nanodisk. This
demonstrates that as D increases, the period of the spin
helix is shortened and the range of mz extends to cover
from −1 to 1, while the ﬁnal state evolves continuously
from a vortex to a instantaneous skyrmion. This indicates,
in the absence of magnetic ﬁeld and with a free boundary,
that nonskyrmionic states are favored.
We plot in Fig. 3(b) the total magnetic energy as a
function of D for a nanodisk with a diameter of 70 nm.
The nanodisk now consists of a central region that is 50
nm in diameter (region I) and 20-nm ring-shaped pinning
spins (region II), as sketched in Fig. 1(c). Other parameters
remain the same as in Fig. 3(a). With D < 1.2 mJ m−2 , a
ferromagnetic state has the lowest energy; while for D ≥
1.2 mJ m−2 , the lowest energy state becomes skyrmionic.
To explain why a skyrmionic state is favored in the presence of pinned spins and a strong DMI, we note that
for a given D, the spin conﬁguration required to form
the DM-driven spin helical state is disrupted (near the
edge) and the spin order is suppressed. As a result, the
helical state—compared to a ferromagnetic or skyrmionic
state—is no longer energetically favorable. In order to
retain the helical state as the ground state, as Bogdanov
et al. pointed out [9], a sizable D and a weak anisotropy Ku
are preferred, such that the condition

Aex Ku
π
Ms2
<
1+
(4)
D
2μ0 Ku
4
is satisﬁed. In the present system, by coercing the spin
orientation to z at the edge, we eﬀectively enhance the
perpendicular anisotropy. Then the condition to accommodate a helical state as the stable state—i.e., Eq. (4)—no
longer holds. We may estimate,
using Eq. (4), the thresh√
old value of D as Dt = 4 Aex Ku /π ∼ 1.7 mJ m−2 [47],
which is in good agreement with the 1.2 mJ/m2 found in
our simulation.
The spatial proﬁle of the z component of the magnetization provides us with further insight into the eﬀect of
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(a)

(b)

FIG. 5. The diameter of a skyrmion as a function of the ratio
of the demagnetization ﬁeld (H  dmg ) to the original demagnetization ﬁeld (H dmg ). The inset shows the z component of the
magnetization of the skyrmionic state.

(c)

is rather weak, which renders the skyrmionic state instantaneous. With pinned spins (red curve), the energy density
near the edge is much higher than it is at the center. In this
case, the skyrmion core exerting an outward force toward
the edge is suppressed by a high energy barrier. Therefore,
the system with locally pinned spins can accommodate a
stable skyrmionic state.
B. Eﬀect of the demagnetizing ﬁeld
FIG. 4. (a) The spatial proﬁle of the magnetization (z component) across the core of an instantaneous skyrmion in a disk
without a pinning layer. (b) The proﬁle of the magnetization (z
component) as a function of position across the skyrmionic core
in a disk with a pinning layer. The dashed line is a cosine function. (c) The local energy density as a function of the position
along the disk diameter in the absence (blue) and in the presence
(red) of a pinning layer.

the spin boundary condition on the stabilization of the
skyrmionic state, as plotted in Fig. 4. With respect to D, mz
exhibits two qualitatively distinct regimes. Under a weak
D, the stable ﬁnal state is ferromagnetic, with the spin texture of a magnetic droplet [48]; the total mz in this case
is ﬁnite. As D increases above a threshold (1.2 mJ m−2 ),
the system evolves into a skyrmionic state as the total mz
vanishes. In the vicinity of the core, mz is well approximated by a cosine function. At the edges for weak D, small
deviation appears. As D increases, mz displays a nonlinear
transition and it deviates further from the cosine function
[see the dashed lines in Fig. 4(b)]. We attribute this behavior to the coupling between the boundary condition and the
DMI [49].
In Fig. 4(c), we plot the spatial proﬁle of total energy
density across the skyrmionic core. For free spins (blue),
the local energy density at the edge is lowered due to the
DMI. Near the edge, this creates a weak energy barrier
that limits the expansion of the vortex. Such a constraint

In order to investigate the role of the demagnetizing ﬁeld
in the stabilization of skyrmions, we slowly decrease the
strength of the demagnetizing ﬁeld and study its impact
on the skyrmion size, the spatial proﬁle of the magnetostatic energy, and the z component of the magnetization.
We recall that in nonhomogeneous textures such as a onedimensional vortexlike state, the demagnetizing ﬁeld is
often considered as a positive correction to the magnetic
anisotropy [50]. As a result, an increase in the demagnetizing ﬁeld leads to a higher magnetic anisotropy and a
larger vortex size. In a nanodisk of ﬁnite size, however, the
size of the skyrmion is proportional to D/Ku and hence we
expect it to decrease with an increase in Ku . In Fig. 5(a),
we see that for D = 2.4 mJ/m2 , the size of the skyrmion
actually decreases with a decrease in the demagnetizing
ﬁeld. This suggests that, in our system, the demagnetizing
ﬁeld is more than just a positive correction to the magnetic
anisotropy. In fact, we argue that the demagnetizing ﬁeld
can be interpreted as a positive contribution to the DMI
and is thus stabilizing the skyrmion [51,52]. Our simulation supports this claim. It shows that when the strength
of the demagnetizing ﬁeld drops below 40% of its original
value, the skyrmionic state disappears and a ferromagnetic
state is favored. Moreover, using the parameters adopted in
the simulations, we estimate the demagnetization energy to
be about twice as large as the DMI. For a given exchange
interaction and D = 2.4 mJ/m2 , taking into account the
demagnetizing ﬁeld, we obtain an eﬀective DMI strength
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FIG. 6. The magnetization proﬁle of the ﬁnal state versus the
diameter of the unpinned nanodisk (along the horizontal axis)
at various values of D (along the
vertical axis). The nanodisk diameter d is ﬁxed at 100 nm and the
unpinned region varies from 10 to
100 nm.

Deﬀ = 7.2 mJ/m2 . (Note that the threshold value to create skyrmionic states is about Deﬀ = 5.1 mJ/m2 .) As the
demagnetizing ﬁeld drops below 40%, the corresponding eﬀective DMI is lowered to Deﬀ = 4.3 mJ/m2 , which
is below the threshold required to stabilize a skyrmionic
state. This analysis is consistent with Fig. 3(b).

of skyrmions, implying that the pinned spins are instrumental in the nucleation of skyrmions. To conclude this
section, we emphasize that, even though all simulations are
performed at zero temperature, our central claims remain
valid at room temperature.
V. CONCLUSION

C. Size eﬀect
In our system, the size of the nanodisk also aﬀects the
ﬁnal state. We show in Fig. 6 the spin texture of the ﬁnal
state as a function of the disk diameter (d) and D. As long
as the diameter is below 20 nm, the stable state is ferromagnetic regardless of the value of D. Under such an
extreme conﬁnement, the DMI alone is insuﬃcient to generate a nonuniform state. As the diameter becomes larger,
the stable ﬁnal state evolves into skyrmions at a large DMI.
Interestingly, it turns out that the diameter of the skyrmions
is as small as 30 nm, yet the helical period is about 50 nm.
We attribute this to the fact that the pinned spins support
skyrmions and suppress the spin spiral. A further increase
in the diameter results in skyrmion-helicity reversal at
D = 3.6 mJ m−2 and d = 80 nm. A similar phenomenon
has also been observed in a two-dimensional system with
a strong DMI [53]. Moreover, a biskyrmionic state can be
nucleated at D = 3.2 mJ m−2 and d = 90 nm [54]. Finally,
with d = 100 nm and pinning removed, the stable ﬁnal
state of the system is either helix states or a vortex, instead

In a multilayered metallic nanodisk with locally pinned
spins, we study the nucleation of magnetic skyrmions
in the absence of a magnetic ﬁeld using micromagnetic
simulation. By imposing spin boundary conditions and creating edge potentials at the disk edge, the locally pinned
spins ensure stable skyrmionic states. The diameter of
the skyrmions is as small as 30 nm and can be adjusted
by changing the DMI strength and the disk size. The
creation or annihilation of skyrmions can be controlled
by the perpendicular magnetic anisotropy, which is tunable by a bias voltage. Our study opens an alternative
avenue for the generation and manipulation of skyrmions
in nanostructures.
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